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Outline

• Magnetic	skyrmions	and	topological	Hall	effect
• Growth	of	FeGe thin	films	by	UHV	off-axis	sputtering
• Structural	properties	of	FeGe films

– X-ray	diffraction
– Scanning	transmission	electron	microscopy	(STEM)

• Hall	effect	measurement	of	FeGe films
– Extraction	of	topological	Hall	effect

• Robust	skyrmion	phase
– Highest	topological	Hall	resistivity	observed	to	date
– High	remanent topological	Hall	resistivity	at	H	=	0

• Summary



Magnetic	Skyrmions

3 – 230	nm
Pfleiderer,	Nat.	Phys.	7,	673	(2011)

𝐻 = −𝐽(𝑺'( 𝑺))	+𝑫') 	 ( (𝑺'×𝑺))
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Exchange
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Interaction	(DMI)



Magnetic	Skyrmions

Fert,	et	al.	Nat.	Nano.	8,	152	(2013)

Mühlbauer,	et	al.		Science 323,	915	(2009)

MnSi

Yu,	et	al.	Nat.	Mater.	10,	106	(2011)

FeGe



Current-driven	skyrmion	motion

Nagaosa & Tokura,	Nat.	Nano. 8,	899	(2013)

• Skyrmions	can	be	manipulated	
by	very	low	electric	current

• Potential	for	low	energy	
memory/logic	application



Topological	Hall	effect	in	skyrmion	films

Huang	&	Chien, Phys.	Rev.	Lett.	108,	267201	(2012)



Topological	Hall	effect	in	skyrmion	films

N.	Kanazawa,	et	al. Phys.	Rev.	B 91,	041122(R)	(2015)

FeGe
Epi-films



B20	skyrmion	materials

Nagaosa & Tokura,	Nat.	Nano. 8,	899	(2013)

Technologically	important	if	
B20-phase	skyrmions	exist
• At	zero	magnetic	field
• At	room	temperature.

B20	cubic	lattice
noncentrosymmetric



X-Ray	Diffraction	of	FeGe films

Deposition	of	FeGe epitaxial	films
• UHV	off-axis	sputtering
• Base	pressure:	10-11 Torr
• Gas:	5	mTorr Argon
• Growth	rate:	0.67	nm/min
• FeGe film	quality	sensitive	to	

substrate	temperature
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X-Ray	Diffraction	of	FeGe films
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X-Ray	Diffraction	of	FeGe films
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• Smooth,	uniform	films

• Fully	epitaxial
• 30° rotation



STEM	imaging	of	FeGe films



Hall	resistivity	in	FeGe films

𝜌01 = 	𝑅3𝐻 + 𝑅4𝑀 + 𝜌67
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Hall	resistivity	in	FeGe	films

𝜌01 = 	𝑅3𝐻 + 𝑅4𝑀 + 𝜌67



Extracting	topological	Hall	resistivity
𝜌01 = 	𝑅3𝐻 + 𝑅4𝑀 + 𝜌67
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Extracting	topological	Hall	resistivity

𝜌01 = 	𝑅3𝐻 + 𝑅4𝑀 + 𝜌67 𝑅8𝑀 = 𝑏𝜌00: + 𝑐𝜌00 𝑀

116.6

116.8

117

117.2

117.4

-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4

-6 -4 -2 0 2 4 6

r xx
 (µ
W

-c
m

)

M
R

 (%
)

H (T)

FeGe(36 nm)(a)
T = 5 K

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

2 2.1 2.2 2.3 2.4 2.5 2.6

lo
g 
r A

H
 [l

og
(µ
W

-c
m

)]

log rxx [log(µW-cm)]

(b)

FeGe(36 nm)

Scattering
independent	
contribution

Skew
scattering

Small	MR

|H|	=	4	T



𝜌01 = 	𝑅3𝐻 + 𝑏𝜌00: 𝑀 + 𝜌67
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Extracted	Topological	Hall	Resistivity

18

-1000

-500

0

500

1000

-2 -1 0 1 2
H (T)

100 nm

65 nm

36 nm

r TH
 (n
W

-c
m

)

T = 250 K
-100

-50

0

50

100

-2 -1 0 1 2

r TH
 (n
W

-c
m

)

100 nm
65 nm

36 nm

T = 5 K

H (T)

-300
-200
-100

0
100
200
300

r x
y (

nW
-c

m
) (b)

FeGe(36 nm)

T = 5 K

0

0.4

0.8

0 100 200 300

r TH
 S

qu
ar

en
es

s

T (K)

36 nm

65 nm

100 nm

(e)

-100

-50

0

50

100

-4 -2 0 2 4

r TH
 (n
W

-c
m

)

100 nm
65 nm

36 nm

T = 5 K(c)

H (T)

10

100

1000

0 100 200 300

r TH
  m

ax
 (n
W

-c
m

)
36 nm

65 nm

100 nm

(d)

T (K)

-0.8

-0.4

0

0.4

0.8

M
ag

ne
iza

tio
n (
µ B/f.

u.) (a) FeGe(36 nm)

T = 5 K

• Large	topological	Hall	resistivity	
(up	to	970	nΩ-cm)

• 6x	larger	than	previous	results



Remanent Topological	Hall	Resistivity
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• Robust	zero-field	Skyrmion	phase	at	all	temperatures
• Squareness as	high	as	0.78



Topological	Hall	Effect:	variable	Temperatures

• Topological	Hall	effect	detected	up	to	H	= 2	T
• Enhanced	topological	Hall	effect	at	lower	thicknesses
• Evidence	for	robust	skyrmions	at	zero	field

Decreasing	Thickness



Zero-Field	Topological	Hall	Effect
Decreasing	Field Increasing	Field

• Sizable	zero-field	Skyrmion	
phase	at	all	temperatures

J. C. Gallagher, et al. Phys. Rev. Lett. 118, 027201 (2017).
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Interface-driven	skyrmions

Jiang, et al. Nature Phys. 13, 162-169 (2016).

Litzius, et al. Nature Phys. 13, 170-176 (2016).

Ta(5	nm)
CoFeB(1.1	nm)
TaOx (3	nm)



Skyrmions	in	oxide	bilayers

Matruno et al., Science Advances 2 : e1600304 (2016)



Skyrmions	in	oxide	bilayers

Matruno et al., Science Advances 2 : e1600304 (2016)

“Such	interaction	is	expected	to	realize	a	10-nm-sized	
magnetic	skyrmion.”



SrRuO3/SrIrO3 bilayers
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SrRuO3:	FM	with	TC ~	160	K

SrRuO3/SrIrO3 bilayers

Esser &	McComb (OSU)



Topological	Hall	Effect	in	SrRuO3/SrIrO3 bilayers
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Topological	Hall	Effect	in	SrRuO3/SrIrO3 bilayers
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Topological	Hall	Effect	in	SrRuO3/SrIrO3 bilayers

-1

0

1

-2000 -1000 0 1000 2000

T = 40 Kr H
 (µ
W

 c
m

)

H (Oe)

-1

0

1

T = 50 Kr H
 (µ
W

 c
m

)

-1

0

1

T = 60 Kr H
 (µ
W

 c
m

)

-1

0

1

T = 70 Kr H
 (µ
W

 c
m

)

-1

-0.5

0

0.5

1

-800 -400 0 400 800

T = 50 K

r H
 (µ
W

 c
m

)

H (Oe)

SrRuO3(5	u.c.)/SrIrO3(2	u.c.)	

Raw	Hall	resistivity

-200

-100

0

100

200

-2 -1 0 1 2

r x
y(

nW
-c

m
)

H (T)

FeGe(36 nm)

T = 5 K



Topological	Hall	Effect	in	SrRuO3/SrIrO3 bilayers

Matruno et	al.,	
Science	Advances
2:e1600304	(2015) -1
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Room-temperature	oxide	skyrmions

• High-TC FM	oxides	(LSMO,	double	perovskites)
• Strain-controlled	anisotropy

Matruno et al., Science Advances 2 : e1600304 (2016)

“Such	interaction	is	expected	to	realize	a	10-nm-sized	
magnetic	skyrmion.”



Summary

• Growth	of	pure	B20	phase,	epitaxial	FeGe films	using	
UHV	off-axis	sputtering

• Confirmation	of	the	pure	B20	crystal	structure	using	
XRD	and	STEM

• Large	topological	Hall	resistivity	up	to	970	nΩ-cm	
• Robust	Skyrmion	formation	at	zero	field
• Skyrmions	in	oxide	FM/NM	bilayers
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L-system: 
sputter

L-system
MBE

Metal sputter 
chamber

FeGe

Oxide sputter 
chamber

Sputter	deposition	of	FeGe films



Skyrmions	in	oxide	bilayers

Matruno et al., Science Advances 2 : e1600304 (2016)



Skyrmions	exhibit	topological	
phenomena	due	to	the	emergent	
electromagnetic	field	(EEMF)

® The	topological	Hall	effect	is	
induced	by	the	emergent	
magnetic	field of	the	skyrmions	
on	conduction	electrons.	

® The	motion	of	the	skyrmions	leads	
to	the	temporal	change	of	the	
emergent	magnetic	field

® An	electromagnetic	induction.

® The	induced	emergent	electric	
field	contributes	to	the	Hall	effect	
when	the	skyrmions	move

Nagaosa & Tokura,	
Nature	Nano. 8,	899	

(2013)
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Topological	Hall	effect	in	skyrmion	films

Huang	&	Chien. Phys.	Rev.	Lett.	108,	267201	(2012)



Topological	Hall	effect	in	skyrmion	films

Schulz,	et	al. Nat.	Phys. 8,	301	(2012)

MnSi


